Silica glass films were coated on polypropylene (PP) microporous membrane separators by a dip coating method, in which polysilazane diluted with xylene was used as precursor material for the silica glass. Scanning electron microscopy (SEM) observation showed that the silica glass films were uniformly coated on the separator surfaces, while Fourier transform infrared spectroscopy (FTIR) measurements revealed that almost all polysilazane in the as-prepared films was converted to silica after heating at 100°C in a steam oven. In addition, the thermal shrinkage properties of the PP microporous membrane separators were significantly improved after coating. Electrochemical studies of an Al ion-doped lithium manganese oxide cathode were conducted to evaluate the coating effect on the properties of the PP microporous membrane separator. The results revealed that rechargeable capacity, cycle stability, and rate performance of the lithium-ion batteries were not changed by the silica glass coating.
Introduction
Lithium-ion batteries (LIBs) have been utilized as power sources for portable electronics such as mobile phones, cameras, and notebook PCs since the 1990s, and the demand for them is expected to grow in the future as the usage of these electronic devices increases. Recently, LIBs were also adopted for larger applications 1)4) such as power tools, electric vehicles (EVs), hybrid electric vehicles (HEVs) electrical power storage devices, smart grids, load leveling devices for photovoltaic and wind power generators, and aerospace apparatuses. Separators are key materials affecting the rechargeable performance of LIBs. Polyolefin microporous membranes made of polyethylene (PE), polypropylene (PP) or their combination (PP-PE) have been utilized for manufacturing membrane separators to ensure good conductivity of Li ions between the positive and negative electrodes by isolating the corresponding cathode and anode materials. When a LIB is exposed to high temperatures, it generates an abnormal amount of heat during the rechargeable. This activates the safety function (shutdown), which fills holes in the membrane by melting the polyolefin material. However, in large LIBs used for EVs and HEVs, abnormal heating occurs at temperatures higher than the melting point of the polyolefin, and so heat-resistant separators were developed to maintain safety throughout the long battery life. To date, oxide powder composite film, 5)7) oxide-coated, 8)10) ceramic, 11),12) organic/ inorganic hybrid, 13) and composite nonwoven 14) heat-resistant separators have been reported.
The preparation of an oxide coating via the solgel technique is one of the methods that has been used to solve the heat-resistance problem of LIBs due to its simplicity, productivity and low cost.
With this method, a silicon alkoxide such as tetraethylorthosilicate (denoted as TEOS) is often used as the starting material. However, this can lead to the formation of cracks in the silica films obtained because the oxygen atoms in TEOS accelerate combustion reactions in the silica films during heating under an air atmosphere. We therefore decided to use oxygen-free perhydropolysilazane (denoted as PHPS) as a film precursor, which has been previously reported 15)17) to form silica glasses at much lower temperatures than is required for TEOS. In this work, the physical and electrochemical properties of PP microporous membrane separators with silica glass coatings produced from PHPS were investigated.
Experimental
PP microporous membrane separators with dimensions of 25 mm © 58 mm (Celgard 2400, Hosen) were used as starting materials. PHPS (NL110A, AZ Electronic Materials) was diluted with xylene to obtain a 10 wt % solution. Dip coating was performed by using a desktop-type coating device (RV-6SL, Mitsubishi Electric). The impregnation time for the PP microporous membrane separators in the PHPS solution was set to 10 s. During coating, the PP microporous membrane separator was dipped and withdrawn from the PHPS solution. This process was performed up to ten times at a rate of 10 mm/s. After coating, the samples were dried at room temperature for 10 min and then heated at 100°C for 1 h in a steam oven under vapor atmosphere (Healsio SP200, Sharp).
The surface and microstructure of the silica glass films obtained were observed by a scanning electron microscope (SEM, JSM-6390, JEOL), while PHPS conversion to silica was investigated by Fourier transform infrared spectroscopy (FTIR, Nicolet·iS·10, Thermo Fisher Scientific). Thermal shrinkage of the PP microporous membrane separators obtained was determined by measuring their dimensional change after heating at 160°C for 1 h using photographs obtained with a digital camera (D810, Nikon). Air permeability of the PP microporous membrane separators was measured by a densometer (Gurley type, Toyoseiki) in accordance with the JIS P8117 standard procedure.
A 2032-type lithium-ion coin cell was assembled in a glove box under an argon atmosphere. A Li film sheet (Honjo Chemical) was used as an anode material, while Al ion-doped lithium manganese oxide (LiAl 0.05 Mn 1.95 O 4 , LMO) synthesized by spray pyrolysis 18) was utilized as the cathode material. The cathode was prepared by mixing 80 wt % of LMO powders, 10 wt % of acetylene black (electronic conductor), and 10 wt % of polyvinylidene fluoride resin (binder). The electrolyte was 1 mol/dm 3 of LiPF 6 in ethylene carbonate/1,2-dimethoxyethane (EC:DME = 1:1 volume ratio, Tomiyama Pure Chemical). The rechargeable capacity and cycle stability of the obtained lithiumion coin cell were measured using a battery tester (BTS2004, Hosen) in the potential region between 3.5 and 4.3 V. Figure 1 shows the FTIR spectra for the PP microporous membrane separator dipped ten times in the PHPS solution (note that all the FTIR spectra in this study were corrected by subtracting the spectrum for pure PP). Among various IR spectra, the absorption bands at 1100 and 800 cm ¹1 were assigned to the SiO (observed in the as-prepared sample) and SiN bending vibrations, respectively. This suggests that PHPS is quickly hydrolyzed by the atmospheric moisture during drying and then converts to the silica glass. After heating, the intensity of the SiN bending vibration decreases, while that of the SiO vibration increases significantly. This indicates that hydrolysis of the PHPS occurred, and that the conversion to silica glass is clearly improved when compared to the as-prepared sample. Figures 2 and 3 show the SEM photographs of the PP separator surface before and after dipping ten times in the PHPS solution (Fig. 3 depicts the SEM photograph provided in Fig. 2(b) at a larger magnification). SEM photographs indicate that the membrane pores remain open after the coating, which suggests that the PHPS solution hardly penetrates into the pores due to its high viscosity. In contrast, the PHPS-containing films are quickly solidified by atmospheric moisture, and so the lithium-ion conduction path remains secure after coating. It is, however, possible for the lithium ions to quickly diffuse into the silica glass films. Figure 4 shows the fracture surfaces of the PP microporous membrane separators dipped one time and ten times in the PHPS solution. The thickness of the silica glass film depicted in Fig. 4(a) is about 100 nm, and no peeling or cracks are evident on its surface. After dipping the PP membrane separator in the same solution ten times, the thickness of the silica glass film increased to 1¯m, indicating that the thickness is proportional to the number of dippings in the PHPS solution. The original air permeability of the PP microporous membrane separator measured by a densometer was 220 s/0.1 dm 3 , which decreased slightly to 200 s/0.1 dm 3 after the separator surface was coated by dipping in the PHPS solution ten times. Both the SEM and air permeability results suggest that the membrane pores remained open and were therefore not affected by the coating procedure. Figure 5 shows the change in the original dimensionals for the PP microporous membrane separator after heating in the electric furnace at 160°C for 1 h. The dimensions of the original PP microporous membrane separator were changed after heating. The obtained photographs indicate that the original PP microporous membrane separator was largely deformed by heating, and its shrinkage rate determined from the corresponding areas depicted in the photographs was found to be approximately 50%. However, when the separator was dipped solution one time in the PHPS, the shrinkage rate was just 10%, which suggested that the silica glass coating improved the thermal shrinkage properties of the separator. Furthermore, the deformation of the PP microporous membrane separator coated ten times with PHPS was almost negligible with a measured shrinkage rate of approximately 5%. Thus, the PP microporous membrane separators were uniformly covered with the silica glass films without closing of their pores. Figure 6 shows the effect of the silica glass coating on the rechargeable properties of the LMO cathode at 1 C. When the original membrane separator was used, the discharge capacity of the corresponding LMO cathode was 103 mAh/g, and its charge/ discharge efficiency was 95%. When the PP microporous membrane separator was coated ten times with PHPS, the discharge capacity of the LMO cathode became 104 mAh/g at 1 C, while its charge/discharge efficiency was equal to 96%. Thus, it can be seen that the application of a silica glass coating does not change the rechargeable of the LMO cathode, which suggests that the diffusion of Li ions in the PP microporous membrane separators was not inhibited. Figure 7 shows the influence of the silica glass coating on the cycle stability of the LMO cathode at 1 C. The cycle test was performed for 200 rechargeable cycles. The obtained discharge capacity for the LMO cathode with the PP microporous membrane separator decreased from 103 to 93 mAh/g after the 200th cycle, while the corresponding retention ratio of the initial discharge capacity was 90%. On the other hand, when the PHPScoated membrane separator was used, the discharge capacity of the LMO cathode decreased from 104 to 93 mAh/g after 200 cycles, giving a retention ratio of 89%. This indicates that the retention ratio of the discharge capacity is also not affected by the silica glass coating, and so the wettability of the separator towards the electrolyte and the diffusion of lithium ions is maintained. Figure 8 shows the effect of the silica glass coating on the discharge capacity of the LMO cathode at various discharge rates between 1 and 10 C (the charge and discharge rates were set to be equal during the rechargeable test). These results indicated that the discharge capacity of the LMO cathode decreased with increasing discharge rate. When the original PP microporous membrane separator was used, the initial discharge capacity of the LMO cathode was 75 mAh/g at 10 C, with a retention ratio of 68%. Similary, when the PP microporous membrane separator coated with PHPS was used, the initial discharge capacity of the LMO cathode was 67 mAh/g, with a corresponding retention ratio of 66%. Thus, it can be seen that the rechargeable properties of the LMO cathode during quick discharge are not affected by the silica glass coating, which suggests that the coated PP 
Results and discussion

Conclusion
Silica glass films were successfully coated on the PP microporous membrane separators by dip coating in the PHPS solution. The SEM observation and air permeability measurement of the coated separators revealed that the resulting silica glass films uniformly covered the separator surfaces without closing their pores. The thickness of the silica glass films obtained after one dipping was 100 nm, which increased up to 1¯m after ten dippings in the PHPS solution. The PHPS was converted to silica in the as-prepared films after heating in a steam oven at 100°C. Silica glass coating significantly improved the thermal shrinkage properties of the PP microporous membrane separators at 160°C, while the rechargeable capacity, cycle stability, and rate performance of the LMO cathode were not significantly affected by it.
